Interfaces between organic molecules and inorganic solids adapt a prominent role in fundamental science, catalysis, molecular sensors, and molecular electronics. The molecular adsorption geometry, which is dictated by the strength of lateral and vertical interactions, determines the electronic structure of the molecule/substrate system. In this study, we investigate the binding properties of benzene on the noble metal surfaces Au(111), Ag(111), and Cu(111), respectively, using temperature-programmed desorption and first-principles calculations that account for non-locality of both electronic exchange and correlation effects. In the monolayer regime, we observed for all three systems a decrease of the binding energy with increasing coverage due to repulsive adsorbate/adsorbate interactions. Although the electronic properties of the noble metal surfaces are rather different, the binding strength of benzene on these surfaces is equal within the experimental error (accuracy of 0.05 eV), in excellent agreement with our calculations. This points toward the existence of a universal trend for the binding energy of aromatic molecules resulting from a subtle balance between Pauli repulsion and many-body van der Waals attraction. Published by AIP Publishing. https://doi
I. INTRODUCTION
Understanding the optoelectronic properties of interfaces between inorganic (metal) surfaces and π-conjugated organic molecules is fundamental since these interfaces play a key role in molecule-based devices and in their performance. [1] [2] [3] [4] The adsorption configuration, which is governed by the strength of adsorbate/substrate and adsorbate/adsorbate interactions, determines the electronic structure of the molecule/substrate system. Thus, gaining insights into the binding properties such as binding energies of the organic compounds is an important prerequisite. 3, [5] [6] [7] [8] [9] [10] [11] Many organic molecules of interest possess a π-conjugated aromatic electron system. Therefore, pronounced contribution from π-interactions to their structure and stability when adsorbed on a solid substrate is expected. The simplest aromatic molecule is benzene (Bz); hence, studying the adsorption of Bz on metal surfaces as a prototype adsorbate/substrate system allows us to obtain information on both metal-π-interactions and lateral interactions. The adsorption properties of Bz on coinage metal surfaces, i.e., Au(111), Ag(111), and Cu(111), have been investigated experimentally and theoretically in detail. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] This includes temperatureprogrammed desorption (TPD) measurements to elucidate the binding strength (the desorption energy, E Des ). However, the values for E Des available in the literature are spread over a large range, depending on the method used to analyze the TPD a) Author to whom correspondence should be addressed: tegeder@ uni-heidelberg.de data. In most cases, the Redhead equation has been applied, which assumes that E Des and the frequency factor (prefactor) are independent from the adsorbate coverage. 27 In addition, a guess for the prefactor is needed. For instance, for Bz/Ag(111), values ranging from 0.43 to 0.8 eV have been reported depending on the value of the proposed prefactor. 12, 18, 28, 29 Recently, we determined a desorption energy of 0.68 ± 0.05 eV for Bz on Ag(111) from TPD spectra 25 utilizing the so-called complete analysis. 30 For this method, no guess for the prefactor has to be made. Note that E Des for Bz/Ag(111) of 0.68 ± 0.05 eV 25 slightly differs from the value elucidated here since we improved our analysis procedure as described in Sec. II. In this work, we present a detailed analysis of TPD data to elucidate coverage-dependent binding energies of Bz adsorbed on Au(111), Ag(111), and Cu(111). In addition, first-principles calculations that account for non-locality of electronic exchange and correlation effects have been applied to determine the binding energies. An excellent agreement between the measured and computed binding energies has been obtained. We observed for all studied systems a decrease of the binding energies with increasing coverage, indicating repulsive lateral interactions. Most surprisingly, we found that the binding strength of benzene is equal within the experimental error (accuracy of 0.05 eV) on all three coinage metal surfaces, even though the electronic properties of the noble metals are quite different. This suggests the existence of a universal trend for the binding energy of aromatic molecules on metal surfaces.
II. METHODOLOGY A. Experimental methodology
All experiments were performed under ultrahigh vacuum conditions at a base pressure of 1 × 10 −10 mbar. The crystals were mounted onto a liquid nitrogen cooled cryostat and together with resistive heating at a temperature range (measured directly at the substrate via a thermocouple) between 100 K and 800 K was achievable and precisely controllable. Crystals were prepared by a standard cleaning procedure including Ar + sputtering and subsequent annealing to 750 K. Bz (purchased from Sigma-Aldrich, anhydrous, 99.8%) was degassed by several pump-freeze cycles and dosed via a leak valve. The dosing was monitored by a quadrupole mass spectrometer (QMS), allowing precise dosing of particular initial coverages. The sample temperature during deposition was held at 140 K to avoid water adsorption (for the preparation of multilayer coverages, a substrate temperature of 120 K was chosen). To record TPD spectra, the samples were heated with a constant heating rate of β = 1 K/s and the desorbing Bz was monitored with the QMS at the parent molecular ion mass of m/e = 78 amu (C 6 H + 6 ).
B. Temperature programmed desorption
We applied TPD to determine the binding energy of Bz on the (111)-surfaces of the coinage metals Au, Ag, and Cu. As mentioned above, for the TPD measurements, the Bz-covered metal substrate is heated with a constant heating rate of β = 1 K/s and the desorbing molecules are detected with a QMS. The desorption rate can be described by the Polanyi-Wigner equation [see Eq. (1)], with the coverage θ, the desorption order n, the pre-exponential factor (prefactor) ν, the desorption or binding energy E Des , the temperature T, and the Boltzmann
A set of TPD curves with varying initial coverages [see Fig. 1 
In each curve of a set of TPD spectra with different initial coverages θ i , a given coverage θ 0 is reached at different temperature, i.e., this temperature depends on the initial coverage of a measured TPD spectrum. Therefore each TPD curve delivers one data point in a ln Fig. 1(c) ]. As Eq. (2) shows, the slope yields the desorption energy as a function of coverage E Des (θ 0 ) and the intercept with the y-axis gives ν 0 (θ 0 ). For θ 0 → 0, the desorption energy in the limit of single molecules can be elucidated [see Fig. 1(d) ]. Note that the coverage dependence of desorption energies gives insights into lateral adsorbate interactions (see below). 33 In order to describe the TPD data evaluation procedure in more detail, Fig. 1 illustrates the complete analysis for the Bz/Au(111). The spectrum with the highest initial coverage and no sign of a shoulder (compressed phase, see below) or a second peak (second/multilayer desorption) was assigned to 1.0 ML, i.e., a complete benzene covered surface. Thus, the area underneath this peak was used for coverage determination. The same definition of 1 ML was applied for Bz/Ag(111) and Bz/Cu(111) for which we expect no large differences in the absolute coverage. For the analysis, only the data from initial coverages (lowest temperatures) to the highest desorption rates (peak maxima) were used (solid lines) because due to the lateral repulsive interactions (leading to a shift of the desorption peak maximum to lower temperatures with increasing coverage) the falling edges of the TPD spectra lie on each other. Thus, utilization of the falling edges would result in artefact when creating the Arrhenius plots due to experimental inaccuracies.
The complete analysis has successfully been applied for several aromatic molecules on coinage metal surfaces. 25, [33] [34] [35] Nevertheless, Nieskens et al. 32 demonstrated that in the case of repulsive lateral interactions in the adsorbate layer, high quality data with both a high signal-to-noise ratio and temperature resolution (small steps between two measured points) are needed. We addressed these challenges with a series of adjustments like a small sample to QMS distance (d ≈ 10 mm) and a short measurement time for one data point to get small temperature steps (∆T ≈ 0.3 K) with the given heating rate ( β = 1 K/s).
C. First-principles calculations
All density functional theory (DFT) calculations in this work were performed using the "tight" computational settings in the FHI-aims (Fritz Haber Institute ab initio molecular simulations) all-electron code. 36, 37 We employed the recently developed many-body dispersion (MBD) method for van der Waals (vdW) interactions 38, 39 coupled to the PerdewBurke-Ernzerhof (PBE) functional 40 and to the hybrid HeydScuseria-Ernzerhof (HSE06) functional. 41, 42 We refer to the above approaches as PBE+MBD and HSE+MBD. The MBD method computes the long-range correlation energy through the coupled harmonic oscillator model Hamiltonian and treats dipolar vdW interactions to all orders in perturbation theory.
For comparison, we also employed the PBE and HSE functionals, in conjunction with the DFT+vdW surf method 28 that extends pairwise vdW corrections to the modeling of adsorbates on surfaces (referred to as PBE+vdW surf and HSE+vdW surf ). The DFT+vdW surf method is based on an effective pairwise atom-atom approximation, which includes electrodynamic screening of vdW interactions by combining intermolecular vdW interactions 43 with the Lifshitz-ZarembaKohn theory 44, 45 for the dielectric screening within the metal surface. In our calculations, metal surfaces were modelled by six-layer slabs, and we used a 6 × 6 × 1 Monkhorst-Pack mesh for the sampling of the Brillouin zone of the (4 × 4) and (3 × 3) surfaces. For geometry optimizations, the molecule and the two uppermost metal layers were fully relaxed, and the metal atoms of the bottom-most four layers were constrained at their bulk positions. The slabs were separated by 50 Å of vacuum to eliminate the interactions between periodic images. The relativistic effects were treated by using scaled zeroth-order regular approximation (ZORA). 46 
III. RESULTS

A. Temperature-programmed desorption
In the following, we first present and discuss the experimental results on the coverage dependent binding energies for benzene on the three (111)-coinage metals obtained from our TPD measurements and applying the complete analysis. Afterwards we discuss our first-principles calculations. Both theory and experiment will demonstrate that for all three metals the binding energies in the vicinity of a single molecule are very similar. Figure 2 (a) shows a series of TPD spectra with different initial coverages in the submonolayer regime for the desorption of Bz from the Au(111) surface. The inset displays TPD spectra with higher initial coverages. Three desorption features labeled as α 1 , α 2 , and α 3 are found. α 1 shows clear zero-order desorption characteristics and does not saturate even for higher coverages (data not shown). Therefore, α 1 can be assigned to the desorption from the multilayer. We attribute α 2 to desorption from a more densely packed compressed phase, as reported for Bz/Ag(111) 18 or other aromatic organic molecules on noble metal surfaces. 33, 34, [47] [48] [49] [50] [51] The sub-to monolayer desorption is represented by α 3 . Note that we defined a monolayer to the desorption spectrum shown in red in the inset. The integral of this spectrum is used as a reference to determine the coverage of all other TPD spectra shown in Fig. 2(a) . In the monolayer to sub-monolayer regime [see Fig. 2(a) ], the falling edges of α 3 lie on top of each other, while the peak maximum shifts from 235 K for an initial coverage of θ i = 0.01 ML by 45 K to 190 K for a coverage of 1 ML. This behavior is a clear sign for repulsive lateral adsorbate-adsorbate and substratemediated interactions as reported for aromatic molecules on coinage metal surfaces. 13, 34, 52, 53 Applying the complete analysis evaluation routine, the binding energies for various given coverages θ 0 can be determined from the slopes of Arrhenius plots as exemplary shown for four different coverages in Fig. 1(c) . The resulting binding energies as a function of coverage for the Bz/Au(111) system are shown in Fig. 2(b) . The data are fitted linearly (solid line). Thus, the intercept with the y-axis gives the desorption energy in the limit of vanishing coverage E Des (θ → 0) = 0.68 ± 0.03 eV. A value of ν(θ → 0) = 10 14.0±0.3 s −1 for the pre-exponential factor is obtained in the limit of zero coverage [see Fig. 1(d) ]. For comparison with theoretical data, this experimental value measured at finite temperatures has to be corrected to E Des at 0 K by adding 3/2k B T Des (≈0.03 eV) giving a value of 0.71 ± 0.03 eV. The slope of the line is m = −0.49 ± 0.04 eV/ML in the coverage regime up to 0.5 ML, which is a measure for the repulsive lateral interactions. For comparison, in the literature, one TPD study on Bz/Au(111) is available showing TPD spectra as a function of coverage. 15 The desorption peaks are in the same temperature range as observed here, but a compressed phase is not seen. Additionally, no detailed analysis of the data has been performed, and an estimation of the binding energy using the Redhead formula 27 led to a value of 0.64 eV at a coverage of 0.1 ML (with a prefactor of 10 13 s −1 ). At a coverage of 0.1 ML, we obtain a E Des value of 0.63 ± 0.03 eV and a prefactor of 10 13.2±0.3 s −1 [see Fig. 1(d) In contrast to the Bz/Au(111) system, on Ag(111) the Bz compressed phase labeled as α 2 [see the inset of Fig. 2(c) ] is less separated from the multilayer desorption peak α 1 . With increasing coverage, α 2 seems to merge in α 1 . The analysis of the spectra shown in Fig. 2(c) leads to desorption energies for the given coverages as shown in Fig. 2(d) . An extrapolation of the coverage dependent desorption energies results to E Des (θ → 0) = 0.60 ± 0.05 eV (corrected to 0 K: 0.63 ± 0.05 eV). For the pre-exponential factor, we elucidated a value of ν(θ → 0) = 10 12.8±0.8 s −1 (see the supplementary material). The slope of the linear fit is m = −0.14 ± 0.04 eV/ML in the coverage range up to 0.5 ML. Hence, the absolute value of the slope is roughly 70% smaller compared to Bz/Au(111), indicating weaker repulsive interactions of Bz on Ag(111). Note that for Bz/Cu(111) a similar interaction strength is found as for Bz/Ag(111) (see below). In the literature, we find a binding energy value extracted from TPD data of 0.57 eV (for 0.1 ML), which has been determined by using the Redhead expression with a prefactor of 10 13 s −1 . 18 At a coverage of 0.1 ML, we obtain a value 0.59 ± 0.05 eV and a prefactor of 10 12.7±0.8 s −1 (see the supplementary material).
For Bz on Cu(111), the TPD spectra are shown in Fig. 2 (e) and the corresponding E Des values as a function of coverage are shown in Fig. 2(f) . Note that for Bz/Cu(111) the desorption from defect sites, which occurs in the temperature range between 240 and 280 K, is more pronounced than for Bz/Ag(111) and Bz/Au(111). For Bz/Au(111), it is barely seen. For Bz/Cu(111), we determined E Des (θ → 0) = 0.65 ± 0.04 eV (corrected to 0 K: 0.68 ± 0.04 eV) and for the prefactor ν(θ → 0) a value of 10 13.8±0.5 s −1 (see the supplementary material), and the linear fit of the coverage-dependent desorption energy results in m = −0.19 ± 0.05 eV/ML, thus a similar slope as found for Bz/Ag(111). TPD data of Bz/Cu(111) have been reported and by using the Redhead formula 27 a binding energy of 0.59 eV has been suggested at a coverage of 0.1 ML. 13, 16 Based on our measurements, we elucidate a value of 0.63 ± 0.04 eV for E Des and a prefactor of 10 13.5±0.5 s −1 at a coverage of 0.1 ML (see the supplementary material).
We have to notice that recently Silbaugh et al. 54 reanalyzed previously published TPD data of Bz adsorbed on Au(111), 15 Ag(111), 12 and Cu(111), 13, 16 respectively, using the Redhead formula and a calculated prefactor of 10 15.6 s −1 . 55 This prefactor is one to two orders of magnitude higher than the values we determined on the basis of our experimental results, which are in the range between 10 14 s −1 and 10 13 s −1 . Additionally, the prefactors are coverage dependent, i.e., they decrease with rising coverage (see the supplementary material).
B. First-principles calculations
Having obtained precise experimental benchmarks, we now turn to the question whether the state-of-the-art electronic structure calculations are able to achieve quantitative accuracy for Bz on the (111) surfaces of coinage metals. Despite increasing success of DFT, there are still two main problems when applied to adsorption systems: (i) the self-interaction error in the exchange energy, which may result in incorrect electronic energy levels and imperfect electrostatics and (ii) the lack of the long-range vdW interactions. In this context, here we use a hybrid DFT-HSE exchange-correlation (XC) functional 41, 42 to cure a large part of the self-interaction error, which is, for example, visible in the largely improved quadrupole moment of the benzene molecule (6.42 ebohr 2 in HSE compared to 6.10 ebohr 2 in PBE; the reference is 6.42 ebohr 2 at the coupled cluster level of theory). Furthermore, we include many-body vdW correlations with the recently developed DFT+MBD method. 38, 39 For geometry relaxations, we consistently used the PBE+vdW surf method. Based on the relaxed geometries, we further employed the MBD method and HSE XC functional for single-point energy calculations. The adsorption energy, E ad , of benzene on metal surfaces has been determined by
where E M , E Bz , and E Bz/M denote the total energy of relaxed bare metal slab, the relaxed gas-phase benzene, and the adsorption system, respectively.
To demonstrate the importance of many-electron XC effects, we present the adsorption energies for benzene on the (111) surfaces of Cu, Ag, and Au in Table I , which allow us to disentangle the contribution of different terms to the adsorption energy. The comparison between PBE+MBD and HSE+MBD calculations demonstrates the crucial reduction of the self-interaction error when applying the HSE XC functional and the ensuing improvement of static electron density and electrostatic interactions. For example, the electrostatic quadrupole moment of the benzene molecule improves from 6.10 ebohr 2 (with PBE) to 6.42 ebohr 2 (with HSE), compared to 6.42 ebohr 2 obtained with a reference coupled cluster wavefunction. 25 To understand the importance of collective electronic correlation effects in the interaction of benzene with the (111) surface of coinage metals, we proceed to analyze the HSE+vdW surf and HSE+MBD calculation results. The vdW surf method accurately includes the screening of the vdW interaction inside the extended metal bulk. The MBD method goes significantly beyond the vdW surf and treats the collective correlations within the molecule/solid system to all orders of perturbation theory. 38, 39 Compared to HSE+vdW surf , the large reduction of binding energies with HSE+MBD stems from significant interface polarization redistribution due to many-body correlation effects.
The accurate inclusion of collective non-local XC effects in the HSE+MBD approach leads to excellent agreement with our experimental measurements in both (4 × 4) and (3 × 3) unit cells (see Table I ). When increasing the coverage, the adsorption energies decrease by 0.02-0.11 eV, while the adsorption distances decrease less than 0.04 Å. Note that we also performed calculation for the (5 × 5) unit cell, which essentially yielded the same energies as obtained for the (4 × 4) unit cell. Thus, we can assume that lateral interactions are converged in our calculations. Therefore we compare our calculated binding energies with the experimental values determined in the limit of vanishing coverage E Des (θ → 0) for which adsorbate/adsorbate interactions are absent. Generally, a comparison between calculated binding energies for different unit cells and experimental results obtained from TPD has to be done with care since most π-conjugated aromatic compounds form islands in the sub-monolayer regime due to lateral interactions. For instance, a (3 × 3) unit cell corresponds to a coverage of 1/9 ML and is related to a coverage of 0.62 ML in our experiment (1 ML is assigned to the coverage corresponding to the saturation of the α 3 desorption peaks and α 2 in the case of Cu(111); see Fig. 2 and Sec. II). The binding energies for this coverage are included in Table I . In particular, the theoretical and experimental values for Bz/Au(111) disagree because for this system the lateral interactions are much stronger compared to Bz/Ag(111) and Bz/Cu(111). While DFT+vdW calculations are in qualitative agreement with experiment concerning the repulsive nature of lateral interactions, our calculations are still missing the Coulomb-induced effects in the vdW dispersion interactions beyond the dipole approximation. These effects depend on the screening by the underlying surface (hence they will be different for Cu, Ag, and Au) and will lead to an increase of the repulsive interaction as recently demonstrated for intermolecular interactions under confinement. 58 While the binding energies of benzene on the coinage metal surfaces are similar, interestingly, the adsorption distances differ significantly for the three metals, which suggests that the balance between repulsive and attractive forces is achieved at different distances due to the different vdW radii of the Cu, Ag, Au atoms. However, similar adsorption energies for Bz on the three surfaces determined in both our experimental and theoretical study result from a subtle balance between Pauli repulsion and many-body vdW attraction. In other words, for each surface, the adsorption energy reaches its universal value regardless of the precise equilibrium position. We note here that pairwise approaches to the vdW energy coupled with density functionals are unable to correctly reproduce the degeneracy of benzene adsorbed on Cu, Ag, and Au. 25, 56, 57 
IV. CONCLUSION
In summary, we utilized temperature-programmed desorption (TPD) and first-principles calculations to precisely determine the binding strength of benzene (Bz) on the (111)-surface of three coinage metals Au, Ag, and Cu. The coveragedependent TPD data have been analyzed using the so-called complete analysis. We achieved an accuracy in the binding energy determination of 0.05 eV. In the monolayer regime, we observed for all Bz/metal systems a decrease in binding energy with increasing coverage. This effect is assigned to repulsive adsorbate/adsorbate (lateral) interactions. In the limit of zero coverage, the binding strength of Bz is found to be equal within the experimental error on all three substrates. For Bz/Au(111), the binding energy is 0.68 ± 0.03 eV; for Bz/Ag(111), it is 0.60 ± 0.05 eV; and for Bz/Cu(111), we obtained a value of 0.65 ± 0.04 eV. The determined prefactors are coverage dependent, i.e., they decrease with increasing coverage. In the limit of a single molecule, they possess values in the range between 10 14 s −1 and 10 13 s −1 . First-principles calculations that account for non-locality of electronic exchange and correlation effects have been applied to calculate the binding energies. Excellent agreement with the experimental results has been found for the many-body dispersion (MBD) method accounting for van der Waals (vdW) interactions coupled to the hybrid Heyd-Scuseria-Ernzerhof (HSE) functional (HSE+MBD approach). A similar binding strength of Bz on the three metal surfaces elucidated in both experiment and theory suggests the existence of a universal trend for the binding energy of aromatic molecules on surfaces due to an elaborate balance between Pauli repulsion and many-body vdW attraction. Future first-principles calculations for monolayer coverages should include Coulomb-induced effects in the vdW dispersion energy to determine the relevance of these beyonddipole effects in the lateral interactions between molecules adsorbed on metal surfaces.
SUPPLEMENTARY MATERIAL
See supplementary material for information about the prefactors as a function of coverage on the coinage metal surfaces.
